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Abstract
The contribution of central fatigue during and after low‐ and high‐force isometric contractions sustained until
failure with age is not established. We compared the time to failure and changes in voluntary activation

measured using motor point stimulation of 15 young and 15 old adults for an isometric contraction sustained
with the elbow flexor muscles at 20% and 80% of maximal voluntary contraction (MVC) force. Young adults had
a briefer time to task failure than old adults for the 20% MVC fatiguing contraction, but a similar duration for the
80% task. Voluntary activation was reduced at the end of the 20% MVC task, but by greater magnitudes for old
than young adults. The reduction in MVC torque after the low‐force task was associated with the reduction in
voluntary activation. After the 80% task, voluntary activation declined to similar levels for the young and old
adults. Electromyographic activity levels (% MVC) of the biceps brachii and brachioradialis muscles during the
fatiguing contraction were greater for the old than young for the 20% MVC task, but similar with age for the 80%
MVC task. Our findings indicate that intensity and duration of contraction can be manipulated in young and old
adults to induce varying magnitudes of fatigue within the central nervous system. Aging increases: (1) fatigue
within the central nervous system immediately after a low‐force fatiguing contraction, and (2) the potential for
large neural adaptations during neuromuscular rehabilitation in old adults.

Age‐related changes within the central nervous system may predispose old adults to impairment of the
neuromuscular system. Some of these changes include age‐related structural degradation of the cortical
neuron8 and smaller cortical size,41 reduced excitability of the motor cortex and motoneuron pool,40, 43 a decline
in effective connectivity between motor‐related cortical areas,42 and motoneuron degeneration.36 These
changes may ultimately impair neural drive to the muscle and force production during voluntary contractions.
Voluntary activation is quantified in young and old adults as the extra force elicited by stimulating the motor
nerve during a maximal voluntary contraction (MVC).13 This extra evoked force indicates that either the motor
units were not all recruited voluntarily or they were discharging at rates that were not high enough to produce
full fusion of force.18 Voluntary activation may be reduced with aging during brief maximal efforts when the
muscle is not fatigued,5, 46, 50 but this is not the case for all muscle groups.28 For healthy old adults who show
initial decrements in voluntary activation, practicing maximal contractions may increase voluntary activation to
levels similar to those of young adults.4, 22, 25
Exercise‐induced impairment of voluntary activation, or central fatigue,13 contributes significantly to impairment
of force during and after long‐duration, low‐force contractions in young adults and varies with contraction
intensity.44, 49 It is not clear, however, whether old adults have greater exercise‐induced impairment of voluntary
activation than young adults because the literature is conflicting. Dorsiflexor muscles and a submaximal
intermittent protocol with the elbow flexor muscles showed no age differences in central fatigue.2, 4, 34 Several
muscle groups, however, exhibit age‐related central fatigue including the knee extensor muscles and sustained
contractions with the elbow flexor muscles.5, 6, 22, 46 The magnitude of age‐related central fatigue appears to be
influenced by the type of contraction during which voluntary activation is assessed. For example, Bilodeau et
al.6 found that force was evoked in the elbow flexor muscles of old adults with an electrical stimulus at the end
of a moderate‐intensity (35% MVC) isometric contraction sustained until failure, but not in young adults. In
contrast, there was no age difference in voluntary activation when assessed during maximal effort immediately
after the fatiguing contraction.6 We aimed to re‐evaluate reductions in voluntary activation by stimulating the
motor nerve during maximal effort during and after a fatiguing contraction in old adults. We assessed varying
intensities of fatiguing contractions in the same cohort of young and old adults to understand the contribution
of central fatigue with age during and after a low‐ and high‐force task sustained until failure. We hypothesized
that the decline in voluntary activation for old adults would be greater than for young adults after the low‐force
fatiguing contraction, but not after the high‐force fatiguing contraction sustained until failure.

METHODS
Fifteen young adults (6 men and 9 women; mean ± SD: 21.9 ± 3.6 years of age) and 15 old adults (6 men and 9
women; 70.1 ± 4.3 years) were recruited for this study. Because the sex of the individual influences the time to
failure of a contraction,21, 24 the proportion of young men (n = 6) and women (n = 9) recruited matched that of
the old men and women. All subjects were healthy with no known neurological or cardiovascular diseases and
were naive to the protocol. Prior to participation, each subject provided informed consent, and the protocol was
approved by our institutional review board.
Subjects reported to the laboratory on three occasions, once for a familiarization session and twice for
experimental sessions that were 7–10 days apart, to perform a protocol that focused on a fatiguing contraction
with the elbow flexor muscles of the non‐dominant arm. The introductory session involved a physical activity
questionnaire, familiarization of each subject to the electrical‐stimulation procedures, and the practice of brief
submaximal contractions and MVCs. The physical activity level for each subject was assessed with a
questionnaire that estimated the relative kilocalorie expenditure of energy per week.31 All subjects were right‐
handed (0.71 ± 0.2 vs. 0.77 ± 0.2 for young and old adults, respectively, with a ratio of 1 indicating complete
right‐handedness) as estimated using the Edinburgh Handedness Inventory.39 The experimental sessions
involved maintaining an isometric fatiguing contraction equivalent to 20% or 80% of MVC force for as long as
possible. The order of the experimental sessions was randomized among subjects.

Mechanical Recording.
Subjects were seated upright in an adjustable chair with the non‐dominant arm abducted slightly and the elbow
resting on a padded support. The elbow joint was flexed to 90° so that the forearm was horizontal to the ground
and the force at the wrist was directed upward when the elbow flexor muscles were activated during a
voluntary contraction. Two nylon straps were placed vertically over each shoulder to restrain the subject and
minimize shoulder movement. The hand and forearm were placed in a modified wrist–hand–thumb orthosis
(Orthomerica, Newport Beach, California) and the forearm was placed midway between pronation and
supination. The orthosis was attached to a force transducer (Force‐Moment Sensor; JR‐3, Inc., Woodland,
California) mounted on a custom‐designed, adjustable support to measure forces exerted by the wrist in the
vertical direction. The forces detected by the transducer were recorded online using a Power 1401 A‐D
converter and Spike2 software (Cambridge Electronic Design, Cambridge, UK) and displayed on a 19‐inch
monitor located at eye level and 1.5 m in front of the subject. The force was adjusted for each subject during the
submaximal tasks so a horizontal cursor that represented the required target force was displayed at ∼60% the
height of the screen. Each subject was asked to trace the horizontal cursor with the force signal as it appeared
on the screen from the right side of the monitor at 2.5 cm/s.

Electrical Recordings.

Electromyographic (EMG) signals were recorded with bipolar surface electrodes (AgAgCl, 8‐mm diameter, 16
mm between electrodes) that were placed over biceps brachii, brachioradialis, and triceps brachii muscles.
Reference electrodes were placed on a bony prominence at the elbow. The EMG signal was amplified (100×) and
band‐pass filtered (13–1000 HZ) with Coulbourn modules (Coulbourn Instruments, Allentown, Pennsylvania)
prior to being recorded directly to a computer using the Power 1401 A‐D converter and Spike2 software (CED,
Cambridge, UK). The EMG signals were digitized at 2000 samples/s.

Electrical Stimulations.

Electrical stimulation of the muscle was used to evoke force in the biceps brachii muscle to assess voluntary
activation during each MVC performed throughout the protocol. The stimulating cathode was placed over the
biceps brachii (midway between the anterior edge of the deltoid and antecubital fossa) and an anode was

placed over the bicipital tendon (2 cm proximal to the elbow).1, 48 Activation of the muscle was achieved by a
constant‐current stimulator (DS7AH; Digitimer, Ltd., Welwyn Garden City, UK) that delivered a rectangular pulse
of 100‐μs duration at an amplitude of 400 V. Twitch contractions were evoked at a supramaximal level of
stimulation (∼200 mA to 500 mA). Supramaximal stimulation was determined by increasing the current for each
twitch until the twitch force plateaued and was within 5% of the previous twitch amplitude. Once this intensity
was achieved, the current was further increased by 10%. This level of stimulation was used for the remainder of
the protocol. Twitches were evoked during MVCs performed before, during, and after the fatiguing contractions
and at rest after each MVC when the muscle was potentiated (control twitch).13

Experimental Protocol.
The protocol for each experimental session comprised the following procedures: (1) determination of
supramaximal levels of electric stimulation; (2) assessment of the MVC and voluntary activation for the elbow
flexor muscles; (3) performance of MVCs of the elbow extensor muscles; (4) brief submaximal isometric
contractions of the elbow flexor muscles at varying intensities to determine the force–EMG and force–voluntary
activation relations; and (5) performance of a fatiguing contraction at either 20% or 80% of MVC force,
immediately followed by a twitch contraction, a recovery MVC with the elbow flexor muscles, and another
twitch contraction to determine voluntary activation.

MVC and Voluntary Activation.

Before the fatiguing contraction, each subject performed four MVC trials with the elbow flexors, followed by
MVC trials with the elbow extensor muscles. MVCs with the elbow extensor muscles were performed so that
maximal EMG could be recorded and used to normalize the triceps EMG activity during the fatiguing
contractions. The MVC task for each muscle group involved an increase in force from zero to maximum over ∼1–
2 s, with the maximal force held for 2–3 s. The force exerted at the wrist was displayed on a monitor and each
subject was encouraged to achieve maximal force. There was a 60‐s rest between MVC trials. When the peak
forces from two of the three trials were not within 5% of each other, additional trials were performed until this
was accomplished. The greatest force achieved by the subject was taken as the MVC and, for the elbow flexors,
used as the reference to calculate the target level for the brief submaximal contractions and fatiguing
contractions. The MVC task with the elbow flexor muscles was also performed at the 5‐min time‐point during
the 20% MVC fatiguing contraction.
For the elbow flexors, a single pulse of electrical stimulation at the predetermined supramaximal level was
delivered once the force was at a plateau during the MVC and also 3 s after termination of the MVC while the
muscle was at rest.1 Pilot data indicate that there was no difference in voluntary activation levels when using a
single or paired pulse, consistent with results previously reported.1

EMG Activity and Voluntary Activation during Brief Submaximal Contractions.

The EMG activity and voluntary activation of the involved muscles were recorded in standardized tasks so that
the force–EMG relation and force–voluntary activation levels could be compared across days. The standardized
tasks involved each subject performing an isometric contraction with the elbow flexor muscles for 6 s at target
values of 20%, 40%, 60%, and 80% MVC force, with a 60‐s rest between each contraction. A single pulse of
electrical stimulation was delivered to the biceps brachii muscle during and after the brief contractions to assess
voluntary activation levels during the submaximal contractions. The order of the contractions was randomized
across subjects, but remained constant for each subject on the two days.

Fatiguing Contraction.

A fatiguing contraction was performed with the elbow flexor muscles in each experimental session at a target
value of either 20% or 80% MVC force. The subject was required to match the vertical target force as displayed

on the monitor and encouraged to sustain the force for as long as possible. The fatiguing contraction was
terminated when the force declined by 10% of the target value for 3 of 5 consecutive seconds, despite strong
encouragement to maintain force. This time was recorded as the time to task failure. Subjects were not
informed of their time to task failure until completion of the second experimental session. Neither the subject
nor the investigator who terminated the task knew the time during the tasks.
An index of perceived effort, the rating of perceived exertion (RPE), was assessed with the modified Borg 10‐
point scale.7 Subjects were instructed to focus the assessment of effort on the arm muscles performing the
fatiguing task. The scale was anchored so that 0 represented the resting state and 10 corresponded to the
strongest contraction that the arm muscles could perform. The RPE was recorded at the beginning of the
contraction and every minute thereafter until task failure for the 20% fatiguing contraction. Because of the
brevity of the 80% MVC task, subjects were asked their RPE at the beginning of the contraction and at task
failure.

Data Analysis.
The torque for the MVC and submaximal contractions was calculated as the product of force and the distance
between the elbow joint and the point at which the wrist was attached to the force transducer.
Voluntary activation was quantified by measurement of the force responses to stimulation of the motor
nerve.13 Any increment in elbow flexion force evoked during a contraction (superimposed twitch) was expressed
as a fraction of the amplitude of the control twitch evoked 3 s after the MVC. The level of voluntary activation
was derived by the formula: voluntary activation = 100 × (1 − Tsuperimposed/Tcontrol), where Tsuperimposed was the size of
the superimposed twitch and Tcontrol was the amplitude of the control twitch produced by stimulation of the
motor point in a relaxed but potentiated muscle.13
The MVC torque was quantified as the average value over a 0.5‐s interval that was centered about the peak. The
maximal EMG for each muscle was determined as the root‐mean‐squared (RMS) value over a 0.5‐s interval
about the same interval of the MVC torque measurement. The RMS EMG value of the 6‐s submaximal
contractions for the elbow flexors performed at 20%, 40%, 60%, and 80% of MVC torque was averaged over the
2‐s period prior to stimulation during the 6‐s contraction. RMS EMG for the biceps brachii, brachioradialis, and
triceps brachii muscles was quantified during the fatiguing contraction performed at 20% of MVC at the
following time intervals: the first 60 s; 30 s on both sides of 25%, 50%, and 75% of time to task failure; and the
last 60 s of the task duration. The RMS EMG during the high‐intensity task (80% MVC) was quantified at five
continuous intervals equivalent to 20% of the task duration. The EMG activity of the elbow flexor muscles and
elbow extensor muscles during the fatiguing contraction was normalized to the RMS EMG value obtained during
the MVC for each respective muscle.
The fluctuations in torque during the 20% MVC task were also quantified for the first 60 s; 30 s on both sides of
25%, 50%, and 75% of time to task failure; and the last 60 s of the task duration. The fluctuations in torque
during the 80% MVC task were quantified at five continuous intervals equivalent to 20% of the task duration.
The amplitude of the torque fluctuations was quantified as the coefficient of variation (CV = SD/mean × 100).

Statistical Analysis.

Data are reported as mean ± SD within the text and as mean ± SE in the figures. Independent t‐tests were used
to compare the characteristics of young and old adults. Analyses of variance (ANOVAs) with repeated measures
on a combination of variables, including contraction intensity (20% and 80% MVC), time (0%, 25%, 50%, 70%,
and 100% of time to failure), fatigue (pre, 5 min, post), and force (20%, 40%, 60%, and 80% MVC), with age
(young, old) as an independent (between subject) factor, were used to compare the various dependent

variables. Dependent variables included the time to task failure, MVC torque, voluntary activation, control
twitch amplitude, torque fluctuations, RPE, and RMS EMG for each muscle. Multiple comparisons with Tukey's
post hoc tests were used to determine differences among pairs of means. The associations between various
variables are reported as the squared Pearson product‐moment correlation coefficient (r2). A significance level
of P < 0.05 was used to identify statistical significance.

RESULTS
The young adults and old adults differed in age (21.9 ± 3.6 years vs. 70.1 ± 4.3 years, respectively, P < 0.05) and
height (173.0 ± 8.7 cm vs. 165.7 ± 11.1 cm respectively, P < 0.05), but were similar in body mass (69.1 ± 12.3 kg
vs. 68.0 ± 18.5 kg). The estimated physical activity levels differed for young (56.0 ± 30.0 MET · hour/week) and
old adults (32.5 ± 28.1 MET · hour/week, P < 0.05). There was no correlation between the level of physical
activity and the change in voluntary activation, change in MVC, or time to task failure.

Time to Task Failure and MVC Torque.

Young adults had a briefer time to task failure than old adults for the 20% MVC fatiguing contraction (14.4 ± 7.5
min vs. 29.5 ± 6.9 min, respectively, P < 0.05), but were similar in duration for the 80% task (24 ± 6 s vs. 32 ± 19
s, interaction of contraction intensity × age, P < 0.05).
Young adults were stronger than old adults on both days of testing (63.4 ± 30.4 Nm vs. 43.3 ± 17.8 Nm: pre‐
fatigue value, main effect of age, P < 0.05) and there was no difference in MVC torque between testing days for
the young and old adults. MVC torque was reduced from initial values at the end of both fatiguing tasks (P <
0.05, Fig. 1). The relative decline in MVC torque was similar for the young and old adults at 5 min into the 20%
fatiguing contraction (22.7 ± 13.6% vs. 23.0 ± 16.0%, respectively). Immediately after termination of the 20%
MVC task, however, the relative reductions in MVC torque from initial values were smaller for young adults than
the old (26.7 ± 11.7% vs. 37.5 ± 10.0%, respectively, P < 0.05). MVC torque was similarly reduced for young and
old adults at the end of the 80% MVC task (15.1 ± 4.6% vs. 9.3 ± 14.1%, respectively). After the fatiguing
contractions, the reductions were greater for the 20% MVC task compared with the 80% MVC task (32.1 ± 12.0%
vs. 12.4 ± 11.0%, interaction of contraction intensity × fatigue, P < 0.05) for both young and old adults.

Figure 1 MVC torque of the young and old adults. MVC torque of young and old adults before (pre), at 5 min into
(5 min), and after (post) the 20% MVC fatiguing contraction (A) and the 80% MVC task (B). Values are expressed
as means (± SEM).

Voluntary Activation.
Brief Submaximal Contractions.

The size of the twitch evoked during each of the standardized submaximal contractions performed before the
fatiguing contractions on each day decreased and voluntary activation increased similarly for both age groups as
the intensity of contraction increased between 20% and 80% of MVC force (P < 0.05). The increase in voluntary
activation was linear (P < 0.05) and similar for each experimental session with no interactions.

Control MVCs.

Before the fatiguing contractions, voluntary activation assessed during control MVCs was greater for young than
for old adults (97.8 ± 2.3 vs. 94.2 ± 3.6%, respectively, P < 0.05). There was no difference in voluntary activation
during control MVCs between the experimental sessions for both age groups. The variability in voluntary
activation for each of the MVC trials, however, was greater among the old than young adults (P = 0.02; Fig. 2).

Figure 2 Voluntary activation of the young and old adults during control maximal voluntary contractions (MVC).
Voluntary activation, expressed as a percentage, is shown for each subject for the four MVC trials performed
before the fatiguing contractions (combined). The range and variability of voluntary activation among the old
adults were greater than for the young adults (P < 0.05).

Fatigue.

Voluntary activation was reduced at the end of the 20% MVC fatiguing task, but by greater magnitudes for old
(to 71.5 ± 13.9%) than young adults (to 84.1 ± 9.7%, P < 0.05). The age difference in reductions of voluntary
activation occurred between the 5‐min assessment and the end of the 20% MVC task (Fig. 3A). Voluntary
activation also declined after the 80% task, but to similar levels for young (to 93.6 ± 5.5%) and old adults (to 92.6
± 5.1%) (Fig. 3B). The reduction in voluntary activation was greater after the 20% MVC task compared with the
80% MVC fatiguing task (interaction of contraction intensity × task, P < 0.05) for both age groups.

Figure 3 Voluntary activation of the young and old adults before and after the fatiguing contractions. Voluntary
activation of young and old adults before (pre), at 5 min into (5 min), and after (post) the 20% MVC fatiguing
contraction (A) and the 80% MVC task (B). Values are expressed as means (± SEM).
There were significant associations between the change in MVC torque and voluntary activation when assessed
immediately after the fatiguing contractions. Those individuals who had greater reductions in voluntary
activation experienced a larger decline in MVC torque after the 20% MVC fatiguing contraction (r = 0.65, r2 =
0.42, P < 0.01; Fig. 4), with significance not reached for the 80% MVC task (r = 0.35, r2 = 0.12, P = 0.06). When the
age groups were analyzed separately, for the 20% MVC task, the association for the young adults was r = 0.74
(r2 = 0.54, P < 0.01) and r = 0.44 (r2 = 0.20, P = 0.05) for the old adults.

Figure 4 Relation between the change in voluntary activation and change in MVC force for the 20% MVC
sustained contraction in young and old adults. Those subjects who had greater changes in voluntary activation
had greater changes in MVC when assessed after the low‐force fatiguing contraction.

Twitch Amplitude.

The amplitude of the potentiated control twitch torque assessed before the fatiguing contractions was greater
for the young than old adults (6.6 ± 1.6 vs. 5.1 ± 2.3 Nm, effect of age, P < 0.05) and was similar across
experimental sessions. Twitch torque was reduced at the end of both fatiguing contractions for both young and
old adults (P < 0.05). The decline in twitch torque after the 80% MVC fatiguing contraction was greater for the
young (33 ± 17%) than old adults (18 ± 20%, interaction of contraction intensity × age, P < 0.05). Old and young
adults, however, had similar magnitudes of decline for the 20% MVC task. There was no age difference in the
relative decline of twitch torque recorded at 5 min during the 20% MVC fatiguing task for the young and old (19
± 11% vs. 13 ± 19%, respectively) and immediately after the 20% MVC fatiguing task (28 ± 13% vs. 33 ± 18 %,
respectively).

Fluctuations in Torque.
The amplitude of the vertical fluctuations in torque (CV) increased during the 20% and 80% MVC fatiguing
contractions (effect of time, P < 0.05; Fig. 5). The increase in fluctuations during the 20% MVC task was similar
for young (1.6 ± 0.5% to 5.7 ± 1.4%) and old adults (2.1 ± 1.4% to 5.6 ± 1.6%). However, the rate of change in
fluctuations for young adults was greater than for old adults (0.14 ± 0.04%/min vs. 0.10 ± 0.02%/min,
respectively, P < 0.05) during the 20% MVC force fatiguing contraction. During the 80% MVC fatiguing task, the
increase and rate of change in fluctuations was similar for young (2.1 ± 1.1% to 4.9 ± 2.1%) and old adults (2.9 ±
1.4% to 4.2 ± 1.3%, P > 0.05).

Figure 5 Torque fluctuations for young and old adults during the fatiguing contractions. Coefficient of variation
(CV) of torque (%) for the 20% MVC fatiguing contraction is shown at the start and at times corresponding to
25%, 50%, 75%, and 100% of task duration (A) and at intervals equivalent to 20% of task duration for the 80%
MVC fatiguing contraction (B). Values are expressed as means (± SEM).

EMG Activity.
EMG–Force Relation.

During brief standardized submaximal contractions, EMG activity increased (P < 0.05) with contraction intensity
on both days in a similar manner for the young and old adults in the biceps brachii and brachioradialis muscles.
There was no difference in EMG activity across experimental sessions, nor any interactions of age and
contraction intensity.

RMS EMG during Fatiguing Contraction.

The amplitude of the RMS EMG (% MVC) for each of the elbow flexor muscles increased during the 20% and 80%
MVC fatiguing tasks (P < 0.05; Fig. 6). The amplitude of RMS EMG for biceps brachii in old adults was greater
than for young adults during the 20% MVC fatiguing task (effect of age, P < 0.05), but not for the 80% MVC.
There was a similar trend for the brachioradialis because the effect of age was P = 0.057 for the 20% contraction,
with no difference between age groups for the 80% MVC task. The amplitude of RMS EMG for triceps was similar
between young and old adults for the both 20% and 80% MVC fatiguing contraction.

Figure 6 RMS EMG normalized to the MVC values (% MVC). RMS EMG for the 20% MVC fatiguing contraction is
shown at the start and at times corresponding to 25%, 50%, 75%, and 100% of task duration (A), and at intervals
equivalent to 20% of task duration for the 80% MVC fatiguing contraction (B). Filled symbols: young adults; open
symbols: old adults. Values are expressed as means.

Perceived Exertion during the Fatiguing Contractions.
The RPE increased during both fatiguing contractions (P < 0.05). RPE was similar for the young and old adults at
the beginning (2.1 ± 1.2 vs. 2.2 ± 1.1, P > 0.05) and end (10.0 ± 0.1 vs. 10.0 ± 0.0) of the fatiguing contraction for
the 20% MVC task. However, the rate of increase in the RPE was more gradual for old than young adults (0.6 ±
0.2/min vs. 0.3 ± 0.1/min, P < 0.05) during the 20% MVC task. The RPE was similar at the start and finish of the
80% MVC task for the young and old adults.

DISCUSSION

We found that old adults exhibited marked and greater declines in voluntary activation than young adults at the
end of a 20% MVC fatiguing contraction, but the reductions in voluntary activation were similar for the two age
groups after the 80% MVC task. Changes in voluntary activation contributed to the relative decline in MVC
torque after the low‐force fatiguing contraction. Twitch amplitude was reduced more for young than for old
adults after the 80% MVC task, but was reduced to similar levels for each age group during and at termination of
the 20% MVC task. The time to failure for the sustained isometric contraction was longer with age for the 20%
MVC task despite old adults exhibiting greater central fatigue immediately after the task. In contrast, young and
old adults had a similar time to failure for the 80% MVC task.

The longer time to task failure with increased age for the low‐force fatiguing contraction is consistent with other
studies.5, 20, 23 In contrast, the time to failure was similar between young and old adults for the high‐intensity
fatiguing task. The age and task differences in time to failure were not due to varying levels of effort because
RPEs were similar at the end of each contraction for both age groups. We also found that there was no
association between physical activity levels and time to failure or any other measure of fatigue, which is
consistent with previous studies.23 The measure of physical activity in our study, however, was not specific to
the upper limb. It is possible, therefore, that an age‐related difference in the activity level of upper limbs may
influence muscle phenotype and fatigue resistance of elbow flexor muscles. When young and old men were
matched for strength and reported similar physical activity levels, the old men had a longer time to task failure
than the young men for a low‐force, sustained contraction.23 The lack of age difference in fatigability for high‐
force isometric fatiguing contractions has been also observed in other studies for various muscle
groups17, 35, 45 but not for maximal contractions,9, 22, 34 which involved greater decrements in MVC force than the
80% MVC task induced in the present study.
Both the young and old adults exhibited impairment within the central nervous system and the muscle fibers
that contributed to neuromuscular fatigue after both tasks. For the 80% MVC task, there was no difference in
time to failure with age, but the reduction in twitch amplitude was smaller for the old adults than the young.
The change in twitch amplitude represents changes in excitation–contraction coupling and is due to the
interaction of the processes that mediate potentiation and fatigue within the muscle.15, 37 Twitch potentiation is
lower in old than in young adults.3, 19 Age differences in potentiation, therefore, do not explain the smaller
reduction in twitch amplitude after the 80% MVC task for the old adults, although they may have contributed to
the similar reductions with age in twitch amplitude after the 20% MVC task. These results are consistent with a
different proportional area of fiber types in the elbow flexors for the two age groups because the old muscle
was less fatigable. Old adults usually have a greater proportion of type I area than young adults in the biceps
brachii muscles29, 30 due to age‐related loss of large motor units.11 Consequently, old adults have a more
oxidative metabolic profile,26, 27 with greater reliance on non‐oxidative sources of adenosine triphosphate (ATP)
during a fatiguing contraction27 and slower contractile properties.10, 22 These age‐related changes in the muscle
likely explain the longer time to task failure of the old adults for the 20% MVC task compared with the young
adults.
Central mechanisms contributed to task failure and the reduction in MVC force during the low‐force fatiguing
contraction (at the 5‐min time‐point) and at the end of the low‐ and high‐force fatiguing contractions. The loss
of voluntary activation indicated that either the motor units were not all recruited voluntarily or they were
discharging at rates that were not high enough to produce full fusion of force.18 There were greater reductions
in voluntary activation, however, after the 20% MVC task, which induced greater muscle fatigue than the 80%
task for both young and old adults. The reductions in voluntary activation immediately after the low‐force task
paralleled the relative change in MVC force. Accordingly, there was an association between the reduction in
voluntary activation and the change in MVC force for the 20% MVC, indicating central fatigue contributed to
muscle fatigue for both the young and old adults. The time course of change in voluntary activation, however,
may have differed with age. To fully understand whether the rate of decline in voluntary activation and
development of central fatigue differs with age, voluntary activation needs to be assessed at the same time in
young and old adults during contraction at several time‐points.
The old adults were more impaired in force production at the termination of the 20% MVC task than the young
adults, despite marked and similar declines at 5 min into the task. The greater muscle fatigue for the old adults is
largely explained by an age‐related loss of voluntary activation. The increased central fatigue with age during
recovery of the elbow flexor muscles during a sustained contraction has been in part attributed to supraspinal
fatigue,22 which is due to suboptimal output from the motor cortex.47 Age‐related changes in the central nervous

system, such as degradation of the cortical neuron and motoneuron8, 36 and reduced excitability of the motor
cortex and motoneuron pool,40, 43 may predispose old adults to greater impairment of neural drive to the muscle
and force production during a fatiguing contraction.
Age‐related increased central fatigue has been shown for isometric fatiguing contractions with the elbow flexor
and quadriceps muscles,5, 6, 22, 46 but not after intermittent contractions or contractions with lower‐leg
muscles.2, 4 We also found similar reductions of voluntary activation with age after the 80% MVC task, which
induced a smaller decline in MVC force compared with after the 20% MVC task. These results and recent
findings22 indicate that, at least for the elbow flexor muscles, age‐related increases in central fatigue are
greatest during recovery from contractions that induce large magnitudes of muscle fatigue. The different
findings between studies and contraction intensities in the magnitude of central fatigue with age, therefore,
may be a product of the magnitude of fatigue induced by the sustained contractions or the involved muscles.
EMG activity during the low‐force, sustained contraction was greater for the old than for young adults for the
elbow flexor muscles. The increase in EMG activity is largely due to the recruitment of larger motor units as the
muscle becomes progressively fatigued.14 Thus, the old adults appeared to activate a greater portion of the
motor unit pool of the biceps and brachioradialis muscles than young adults during the low‐force fatiguing
contraction. The age difference in EMG activity was not due to recording conditions, because EMG activity was
similar for the young and old adults during brief non‐fatiguing submaximal contractions at varying intensities.
Furthermore, the differences in EMG were not due to antagonist activity of the triceps brachii, which was similar
during the fatiguing contraction for the young and old adults. Synergistic activity of the agonist muscles
contributing to elbow flexion force, however, may have differed between groups. For example, the EMG activity
of the brachialis muscle was not measured in this study and it contributes significantly to elbow flexion
force.20 Brachialis muscle activation can differ in a motor task between young and old adults16 and with age
during an isometric fatiguing contraction,20 potentially offsetting activation of the biceps brachii and
brachioradialis muscle in the old adults. The age difference in activation strategies with fatigue may have
contributed to the greater reduction in voluntary activation and MVC force in the old adults. Accordingly, for the
80% MVC task, the elbow flexor muscles of the young and old adults had similar muscle activation levels and
similar reductions in MVC force, voluntary activation, and task duration. At this higher intensity of contraction,
many of the motor units are recruited32 for young and old adults, indicating that alternative recruitment
strategies were limited in influencing time to task failure.
At the start of the isometric contractions, the old adults had greater fluctuations in torque than the young
adults12 and was in part due to a more variable discharge rate of the active motor units in old adults.33 The
young adults had a higher rate of increase in fluctuations of torque than the old adults as fatigue developed
during the low‐force, sustained contraction, which probably reflects a more rapid rate of recruitment of motor
units that have greater discharge rate variability at higher forces38 during the task. The change in fluctuations,
however, was consistent with the rates of increase in EMG activity for low‐ and high‐force tasks in the young and
old adults studied herein.

Acknowledgements
This research was supported by awards from the Seoul National University in Korea (to T.J.Y.) and the National
Institute of Aging (AG23183, to S.K.H.).

Abbreviations
ANOVA, analysis of variance; CV, coefficient of variation; EMG, electromyography; MVC, maximal voluntary
contraction; RPE, rating of perceived exertion; RMS, root mean squared

REFERENCES
1 Allen GM, McKenzie DK, Gandevia SC. Twitch interpolation of the elbow flexor muscle at high forces. Muscle
Nerve 1998; 21: 318– 328.
2 Allman BL, Rice CL. Incomplete recovery of voluntary isometric force after fatigue is not affected by old
age. Muscle Nerve 2001; 24: 1156– 1167.
3 Baudry S, Klass M, Duchateau J. Postactivation potentiation influences differently the nonlinear summation of
contractions in young and elderly adults. J Appl Physiol 2005; 98: 1243– 1250.
4 Baudry S, Klass M, Pasquet B, Duchateau J. Age‐related fatigability of the ankle dorsiflexor muscles during
concentric and eccentric contractions. Eur J Appl Physiol 2007; 100: 515– 525.
5 Bilodeau M, Erb MD, Nichols JM, Joiner KL, Weeks JB. Fatigue of elbow flexor muscles in younger and older
adults. Muscle Nerve 2001; 24: 98– 106.
6 Bilodeau M, Henderson TK, Nolta BE, Pursley PJ, Sandfort GL. Effect of aging on fatigue characteristics of elbow
flexor muscles during sustained submaximal contraction. J Appl Physiol 2001; 91: 2654– 2664.
7 Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc 1982; 14: 377– 381.
8 Dickstein DL, Kabaso D, Rocher AB, Luebke JI, Wearne SL, Hof PR. Changes in the structural complexity of the
aged brain. Aging Cell 2007; 6: 275– 284.
9 Ditor DS, Hicks AL. The effect of age and gender on the relative fatigability of the human adductor pollicis
muscle. Can J Physiol Pharmacol 2000; 78: 781– 790.
10 Doherty TJ, Brown WF. Age‐related changes in the twitch contractile properties of human thenar motor
units. J Appl Physiol 1997; 82: 93– 101.
11 Doherty TJ. Aging and sarcopenia. J Appl Physiol 2003; 95: 1717– 1727.
12 Enoka RM, Christou EA, Hunter SK, Kornatz KW, Semmler JG, Taylor AM, et al. Mechanisms that contribute to
differences in motor performance between young and old adults. J Electromyogr
Kinesiol 2003; 13: 1– 12.
13 Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. Physiol Rev 2001; 81: 1725– 1789.
14 Garland SJ, Enoka RM, Serrano L, Robinson G. Behavior of motor units in human biceps brachii during a
submaximal fatiguing contraction. J Appl Physiol 1994; 76: 2411– 2419.
15 Garner SH, Hicks AL, McComas AJ. Prolongation of twitch potentiating mechanism throughout muscle fatigue
and recovery. Exp Neurol 1989; 103: 277– 281.
16 Graves AE, Kornatz KW, Enoka RM. Older adults use a unique strategy to lift inertial loads with the elbow
flexor muscles. J Neurophysiol 2000; 83: 2030– 2039.
17 Hara Y, Findley TW, Sugimoto A, Hanayama K. Muscle fiber conduction velocity (MFCV) after fatigue in elderly
subjects. Electromyogr Clin Neurophysiol 1998; 38: 427– 435.
18 Herbert R, Gandevia S. Twitch interpolation in human muscles: mechanisms and implications for
measurement of voluntary activation. J Neurophysiol 1999; 82: 2271– 2283.
19 Hicks AL, Cupido CM, Martin J, Dent J. Twitch potentiation during fatiguing exercise in the elderly: the effects
of training. Eur J Appl Physiol 1991; 63: 278– 281.
20 Hunter SK, Critchlow A, Enoka RM. Influence of aging on sex differences in muscle fatigability. J Appl
Physiol 2004; 97: 1723– 1732.
21 Hunter SK, Critchlow A, Shin IS, Enoka RM. Men are more fatigable than strength‐matched women when
performing intermittent submaximal contractions. J Appl Physiol 2004; 96: 2125– 2132.
22 Hunter SK, Butler JE, Todd G, Gandevia SC, Taylor JL. Supraspinal fatigue is greater in old adults for sustained
maximal contractions. Soc Neurosci Abstr 2005; 31.
23 Hunter SK, Critchlow A, Enoka RM. Muscle endurance is greater for old men compared with strength‐
matched young men. J Appl Physiol 2005; 99: 890– 897.
24 Hunter SK, Butler JE, Todd G, Gandevia SC, Taylor JL. Supraspinal fatigue does not explain the sex difference
in muscle fatigue of maximal contractions. J Appl Physiol 2006; 101: 1036– 1044.
25 Jakobi JM, Rice CL. Voluntary muscle activation varies with age and muscle group. J Appl
Physiol 2002; 93: 457– 462.

26 Kent‐Braun JA, Ng AV. Skeletal muscle oxidative capacity in young and older women and men. J Appl
Physiol 2000; 89: 1072– 1078.
27 Kent‐Braun JA, Ng AV, Doyle JW, Towse TF. Human skeletal muscle responses vary with age and gender
during fatigue due to incremental isometric exercise. J Appl Physiol 2002; 93: 1813– 1823.
28 Klass M, Baudry S, Duchateau J. Voluntary activation during maximal contraction with advancing age: a brief
review. Eur J Appl Physiol 2007; 100: 543– 551.
29 Klein CS, Marsh GD, Petrella RJ, Rice CL. Muscle fiber number in the biceps brachii muscle of young and old
men. Muscle Nerve 2003; 28: 62– 68.
30 Klitgaard H, Mantoni M, Schiaffino S, Ausoni S, Gorza L, Laurent‐Winter C, et al. Function, morphology and
protein expression of ageing skeletal muscle: a cross‐sectional study of elderly men with different
training backgrounds. Acta Physiol Scand 1990; 140: 41– 54.
31 Kriska A, Bennett P. An epidemiological perspective of the relationship between physical activity and NIDDM:
from activity assessment to intervention. Diabetes Metab Rev 1992; 8: 355– 372.
32 Kukulka CG, Clamann HP. Comparison of the recruitment and discharge properties of motor units in human
brachial biceps and adductor pollicis during isometric contractions. Brain Res 1981; 219: 45– 55.
33 Laidlaw DH, Bilodeau M, Enoka RM. Steadiness is reduced and motor unit discharge is more variable in old
adults. Muscle Nerve 2000; 23: 600– 612.
34 Lanza IR, Russ DW, Kent‐Braun JA. Age‐related enhancement of fatigue resistance is evident in men during
both isometric and dynamic tasks. J Appl Physiol 2004; 97: 967– 975.
35 Larsson L, Karlsson J. Isometric and dynamic endurance as a function of age and skeletal muscle
characteristics. Acta Physiol Scand 1978; 104: 129– 136.
36 Lexell J. Evidence for nervous system degeneration with advancing age. J
Nutr 1997; 127( suppl): 1011S– 1013S.
37 Millet GY, Lepers R, Maffiuletti NA, Babault N, Martin V, Lattier G. Alterations of neuromuscular function
after an ultramarathon. J Appl Physiol 2002; 92: 486– 492.
38 Moritz CT, Barry BK, Pascoe MA, Enoka RM. Discharge rate variability influences the variation in force
fluctuations across the working range of a hand muscle. J Neurophysiol 2005; 93: 2449– 2459.
39 Oldfield RC. The assessment and analysis of handedness: the Edinburgh
Inventory. Neuropsychologia 1971; 9: 97– 113.
40 Oliviero A, Profice P, Tonali PA, Pilato F, Saturno E, Dileone M, et al. Effects of aging on motor cortex
excitability. Neurosci Res 2006; 55: 74– 77.
41 Raz N, Rodrigue KM, Haacke EM. Brain aging and its modifiers: insights from in vivo neuromorphometry and
susceptibility weighted imaging. Ann NY Acad Sci 2007; 1097: 84– 93.
42 Rowe JB, Siebner H, Filipovic SR, Cordivari C, Gerschlager W, Rothwell J, et al. Aging is associated with
contrasting changes in local and distant cortical connectivity in the human motor
system. NeuroImage 2006; 32: 747– 760.
43 Silbert LC, Nelson C, Holman S, Eaton R, Oken BS, Lou JS, et al. Cortical excitability and age‐related volumetric
MRI changes. Clin Neurophysiol 2006; 117: 1029– 1036.
44 Smith JL, Martin PG, Gandevia SC, Taylor JL. Sustained contraction at very low forces produces prominent
supraspinal fatigue in human elbow flexor muscles. J Appl Physiol 2007; 103: 560– 568.
45 Smolander J, Aminoff T, Korhonen I, Tervo M, Shen N, Korhonen O, et al. Heart rate and blood pressure
responses to isometric exercise in young and older men. Eur J Appl Physiol 1998; 77: 439– 444.
46 Stackhouse SK, Stevens JE, Lee SC, Pearce KM, Snyder‐Mackler L, Binder‐Macleod SA. Maximum voluntary
activation in nonfatigued and fatigued muscle of young and elderly individuals. Phys
Ther 2001; 81: 1102– 1109.
47 Todd G, Taylor JL, Gandevia SC. Measurement of voluntary activation of fresh and fatigued human muscles
using transcranial magnetic stimulation. J Physiol (Lond) 2003; 551: 661– 671.
48 Todd G, Taylor JL, Gandevia SC. Reproducible measurement of voluntary activation of human elbow flexors
with motor cortical stimulation. J Appl Physiol 2004; 97: 236– 242.

49 Yoon T, Schlinder De‐lap B, Griffith EE, Hunter SK. Mechanisms of fatigue differ after low‐ and high‐force
fatiguing contractions in men and women. Muscle Nerve 2007; 36: 512– 524.
50 Yue GH, Ranganathan VK, Siemionow V, Liu JZ, Sahgal V. Older adults exhibit a reduced ability to fully activate
their biceps brachii muscle. J Gerontol 1999; 54: M249– M253.

